Preeclampsia (PE) is a pregnancy-related disorder that occurs after 20 weeks of gestation and affects 3-5% of all human pregnancies worldwide. However, the pathogenesis of PE still remains poorly understood. A deficiency in decidualization is considered a contributing factor to the development of PE. The DNA damage inducible transcript 4 (DDIT4) gene encodes a protein whose main function is inhibiting mammalian target of rapamycin (mTOR) under stress, and several studies have demonstrated that its expression promotes tumor cell apoptosis. Our previous RNA-Seq results showed that DDIT4 is significantly decreased in the decidua of PE women. Here, we aimed to define the role of DDIT4 in human decidualization and its relationship with PE. The results indicated that DDIT4 was markedly decreased in the decidua of severe PE compared with those from uncomplicated pregnancies. The expression of DDIT4 in human endometrial stromal cell (hESC) line and primary hESCs was up-regulated during decidualization. Knockdown DDIT4 in hESCs and primary hESCs caused a significant reduction in the transcription of decidualization markers, insulin-like growth factor binding protein 1 (IGFBP1) and prolactin (PRL). In addition, silencing DDIT4 caused up-regulated p-mTOR and p-p70s6k and reduced apoptosis, whereas rapamycin, an inhibitor of mTOR, reversed the result of apoptosis. Moreover, the expression of cleaved-caspase 3 in severe PE was significantly lower than that of uncomplicated pregnancies, which was unfavorable for trophoblast invasion. Our data suggest that DDIT4 is critical for normal decidualization and the apoptosis of decidual cells. DDIT4 deficiency is likely involved in the development of PE. Yang et al., 2018, Vol. 98, No. 6 Summary Sentence DDIT4 deficiency is likely involved in the development of PE.
Introduction
Preeclampsia (PE) is a pregnancy-specific disorder characterized by the new onset of hypertension and/or proteinuria after 20 weeks of gestation. As one of the prime causes of maternal and perinatal mortality and morbidity, PE affects 3-5% pregnancies worldwide [1] . Furthermore, it can lead to renal insufficiency, liver injury, pulmonary edema and hemolysis, uteroplacental dysfunction, fetal growth restriction, or premature birth [1, 2] . The pathogenesis of PE has been considered to be multifactorial. It is associated with impaired implantation and placentation, abnormal trophoblast invasion, deficient maternal spiral artery modification, uteroplacental vascular insufficiency, endothelial dysfunction, placental ischemia, systemic inflammation, immune maladaptation and genetic imprinting [3] [4] [5] [6] [7] . Furthermore, previous studies have indicated that decidualization is essential to embryo implantation and the maintenance of a successful pregnancy [8, 9] . Defective decidualization may contribute to compromised invasion of extravillous trophoblast cells and increase the risk of PE [10] [11] [12] [13] .
Decidualization of human endometrial stromal cells (hESCs) begins from the late secretory phase of the menstrual cycle and is regulated by the steroid hormones [14] . During decidualization, hESCs differentiate into larger spherical decidual cells, accompanied by changes in physiological functions. Decidual cells secrete many growth factors and cytokines, such as tissue factor, IL-11, IL-15, prolactin (PRL), and insulin-like growth factor binding protein 1 (IGFBP1), which can support fetal development, regulate the processes of trophoblast invasion and spiral arterial remodeling, and provide immune protection for the mother and the fetus [15, 16] . PRL and IGFBP1 have been used as differentiation markers of decidual cells [17] . Moreover, previous studies have demonstrated that oxygen tension plays important roles in trophoblast invasion since normal gestation implants in relatively hypoxic decidua, under which circumstance the trophoblasts can deeply invade the endometrium along with angiogenesis to seek an oxygen supply. If implantation occurs in the relatively high-oxygen decidual environment, trophoblast invasion is defective, increasing the risk for subsequent PE [18] .
DNA damage-inducible transcript 4 (DDIT4), also known as REDD1 or RTP801, encodes a protein with a molecular weight of 35 kDa that is extensively expressed in various human tissues [19] . DDIT4 is identified on the basis of its induction by hypoxia, stress or DNA damage, and its function is to inhibit mammalian target of rapamycin (mTOR) by stabilizing the TSC1/TSC2 complex [20] [21] [22] . Mammalian TOR is a highly conserved modulator of many biological functions, including cell growth and metabolism [23] . DDIT4 participates in the mTOR signaling pathway by inhibiting the phosphorylation of mTOR, leading to upregulated apoptosis [24, 25] . However, the role of DDIT4 in the apoptosis of decidua has not been reported. In our previous work, we demonstrated that the RNA level of DDIT4 in the decidual cells of severe preeclampsia (SPE) is reduced significantly compared with those in normal pregnancy (NP), by using RNA-Seq [26] . We hypothesized that DDIT4 was involved in the development of PE by regulating the process of decidualization and by mediating apoptosis through mTOR pathway in decidual cells. Hence, this study aimed to investigate the role of DDIT4 in decidualization and its relationship with PE.
Materials and methods

Study population
All study patients were recruited from the Obstetrics and Gynecology Department, Ren Ji Hospital, School of Medicine, Shanghai Jiao Tong University between April 2015 and June 2016. Pregnant women with only singleton gestations were included in this study. We excluded any women whose pregnancies were complicated with chronic hypertension, diabetes, renal disease, thyroid disease, fetal anomalies, multiple pregnancy, and/or other pregnancy-related complications. This project was reviewed and approved by the Ethics Committee of Ren Ji Hospital, and written informed consent was obtained from all participants.
A total of 38 decidua samples were collected, of which 22 were from NP women. The other 16 samples were from SPE women. SPE was diagnosed according to the American College of Obstetricians and Gynecologists for the Study of Hypertension in Pregnancy. The included women were those who had no history of pre-existing or chronic hypertension and were subsequently diagnosed with a systolic blood pressure (SBP) of at least 160 mmHg or a diastolic blood pressure (DBP) of at least 110 mmHg and had proteinuria greater than 5.0 g in the 24-h urine collection or greater than 3+ on a dipstick after 20 weeks of gestation. Normal pregnancy was defined as a single pregnancy in a previously normotensive woman who did not suffer from high blood pressure or proteinuria during her pregnancy and delivered a healthy newborn after 37 weeks of pregnancy.
Decidual tissue collection
All the pregnancies were delivered through cesarean section. Immediately after delivery, the decidua basalis was picked up from the gauze used to scrub the uterus. The blood on the tissue was removed by rinsing with sterilized saline. The collected tissue was snap frozen in liquid nitrogen immediately and stored at -80
• C until use.
Immunohistochemistry
Tissue sections were prepared at 4 μm from paraffin-embedded decidual tissue collected from the SPE and NP groups. After fixation in 4% paraformaldehyde, they were treated with dimethylbenzene and alcohol, and then the sections, which were incubated in citric acid antigen retrieval buffer, were heated in a microwave oven; subsequently, the sections were washed in phosphatebuffered saline (PBS) thrice, following which, the slides were immersed in 3% H 2 O 2 for 30 min to block endogenous peroxidase activity. The sections were then blocked in 3% BSA for 1 h at room temperature. Thereafter, the sections were incubated in a wet box overnight at 4
• C with rabbit anti-DDIT4 antibody (1:100; Downloaded from https://academic.oup.com/biolreprod/article-abstract/98/6/821/4855937 by OUP site access user on 08 October 2018
10638-1-AP; Proteintech, Chicago, IL) and rabbit anti-cleavedcaspase 3 primary antibody (1:100; 25546-1-AP; Proteintech). After washing with PBS thrice, the samples were incubated with goat antirabbit secondary antibody (1:1; K5007; DAKO, Denmark) for 1 h at room temperature. The coloration reactions were developed using a peroxidase substrate solution, diaminobenzidine kit (K5007; DAKO). Finally, the slides were counterstained with hematoxylin, dehydrated with 95% alcohol and mounted in neutral balsam. Photos were taken with a microscope (Zeiss, Germany). To test the specificity of the immunohistochemical staining, separate tissue sections were exposed to preimmune serum instead of the primary antibody.
Real-time PCR
Total RNA samples were extracted using a total RNA isolation kit (FOREGENE, Chengdu, China) according to the manufacturer's instructions and stored at -80 • C until analysis. A total of 500 ng RNA was used for cDNA synthesis using a PrimeScript RT Master Mix Perfect Real Time kit (Toyobo, Osaka, Japan). Real-time PCR was performed using the SYBR green master mix (Toyobo, Osaka, Japan) in an ABI Prism7300 machine (Applied Biosystems, Foster City, California, USA). The sequences of the primers (Sangon, Shanghai, China) are as follows: and 5 min at 72
• C. Melting curve analyses were checked to verify the product identity. PCR was done in triplicate and was presented relative to the abundance of endogenous ACTB in the same sample. The PCR amplification efficiency was analyzed using the LinRegPCR 11.0 software (Academic Medical Center, Amsterdam, the Netherlands), and the data were computed according to a calibrator sample using the Ct method [27] .
Western blot analysis
A protein extract was prepared by homogenization with RIPA buffer (Beyotime, Shanghai, China) with protease inhibitors (Roche, Penzberg, Germany) and a phosphatase inhibitor (Roche, Penzberg, Germany). Thirty micrograms of protein from each sample was loaded onto an SDS polyacrylamide gel for electrophoresis and subsequently transferred to polyvinylidene fluoride membranes. The membranes were blocked in 5% nonfat milk for 90 min at room temperature before being incubated overnight at 4
• C with the following primary antibodies: rabbit anti-DDIT4 (1:1000; 10638-1-AP; Proteintech, Chicago, IL); rabbit anti-cleaved-caspase 3 (1:1000; 25546-1-AP; Proteintech); rabbit anti-caspase 3 (1:1000; 19677-1-AP; Proteintech); rabbit anti-phospho-mTOR (1:1000; Ser2448; Cell Signaling, Danvers, MA); rabbit anti-total-mTOR (1:1000; Cell Signaling); rabbit anti-phospho-p70s6k (1:500; Thr389; Cell Signaling); rabbit anti-total-p70s6k (1:1000; Cell Signaling); and beta-actin (1:5000; sc-47778; Santa Cruz Biotechnology, Santa Cruz, CA). The samples were then incubated for 60 min at room temperature with a goat anti-rabbit peroxidase-conjugated secondary antibody (1:2000; Cell Signaling). A chemiluminescence reagent (Thermo Fisher Scientific, Carlsbad, CA) was used to visualize the blots.
Cell culture and decidualization induction
The cells were cultured in Dulbecco modified eagle medium (DMEM)/F-12 containing glutamine (Life Technologies, Inc., Grand Island, NY, USA), 5 × 10 −2 g/L antibiotics (Gibco, Grand Island, NY, USA), and 10% carbon-stripped fetal bovine serum (FBS; Biological Industries, Beit Haemek, Israel). To induce decidualization in vitro, hESCs were incubated with DMEM/F12 containing 2% charcoal-stripped FBS, double cyclic adenosine monophosphate (cAMP; final concentration of 0.5 mmol/L; Sigma-Aldrich) and medroxyprogesterone-17-acetate (MPA; final concentration of 1 μmol/L; Sigma-Aldrich) for 6 days, and the medium was changed every other day.
Small interfering RNA
For RNAi, specific small interfering RNA (siRNA) was purchased from Biotend (Shanghai, China); hESCs were plated in the phenol medium lacking antibiotics at approximately 5 × 10 5 cells in 6-well dishes and incubated for 12 h, at 60% confluence, and siRNA duplexes (final concentration of 25 nM) and lipofectamine 3000 (Life Technologies, Grand Island, NY, USA) (7.5 ml/well) diluted in Opti-MEM (Gibco-BRL/Invitrogen, Carlsbad, CA) were transfected into the hESCs. The medium was changed 6 h later; then, the cells were treated in the presence or absence of cAMP and MPA for 4 days. The sequences of the primers were as follows:
Primary hESC isolation
Primary hESCs were isolated from normal proliferative endometrial tissue obtained from cycling women by endometrial biopsy at the time of diagnostic hysteroscopy. The endometrial tissue was processed for stromal cell culture as described previously [28] . Briefly, the samples were suspended in PBS after being washed twice in 0.9% normal saline. The tissue was then washed twice in DMEM/F12, chopped and digested with collagenase type I (c0130; Sigma Chemical Co., St. Louis, MO, USA) for 70 min at 37
• C and finally digested with deoxyribonuclease (DN25; Sigma Chemical Co., St. Louis, MO, USA) for 20 min at 37
• C. The suspension was filtered through a 180-μm griddle to remove mucus and undigested tissue and then through a 40-μm griddle, which permitted only stromal cells to pass. The primary hESCs were inoculated into 6-well plates (10 6 cells per well), and decidualization was induced for 6 days by a process similar to that employed for hESCs. For RNAi, the cells were manipulated using the procedure described in the previous section. 
Flow cytometry
The cultured cells were harvested through trypsinization and were washed twice with cold PBS. The cells were centrifuged at 2000 r/min for 5 min; then, the supernatant was discarded, and the pellet was resuspended in 1× binding buffer (BD Pharmingen FITC Annexin V Apoptosis Detection KIT I, BD Biosciences, USA) at a density of 1.0 × 10 5 -1.0 × 10 6 cells/ml. Next, 100 μL of the sample solution was transferred to a 5-ml culture tube and incubated with 5 μL of FITC-conjugated annexin V (BD Biosciences) and 5 μL of propidium iodide (BD Biosciences) for 15 min at room temperature in the dark [29] ; 400 μL of 1× binding buffer was added to each sample tube, and the samples were analyzed by FACSCanto II (Becton Dickinson) using the FACSDiva software (Becton Dickinson).
Immunofluorescence staining
The cells were fixed with 4% paraformaldehyde and permeabilized with 0.2% Triton X-100. After blocking, the cells were incubated with rabbit anti-Ki67 antibody (1: 200; GB13030; Servicebio, Wuhan, Hubei) overnight at 4
• C in a wet box. After washing, the cells were incubated with goat anti-rabbit secondary antibody (1: 400; GB25303; Servicebio) for 50 min. After washing, nuclei were counterstained with 4, 6-diamino-2-phenylindole (G1012; Servicebio) in darkness for 10 min. The staining was examined using a fluorescence microscope (Nikon Eclipse C1, Japan).
Statistical analysis
All data were analyzed using SPSS statistical software (IBM, Chicago, Illinois, USA). The data were analyzed using the two-tailed Student t-test or one-way ANOVA followed by the Newman-Keuls multiple comparison test. The data are presented as the means ± SEM, and all experiments were repeated at least three times. Values were considered statistically significant if P < 0.05.
Results
Clinical characteristics of the participants
We performed a univariate analysis to look for any significant differences in the patient characteristics of those with SPE and NP (Table 1 ). There was no statistically significant difference in age between the SPE group and the NP group. The SBP and DBP of the SPE group were significantly higher than those of the NP group. Conversely, the newborn birth weight and gestational age of the SPE group were evidently lower than those of the NP group. The proteinuria of the SPE patients was at least 3+, while the pregnant women in the NP group did not have proteinuria.
Expression and location of DDIT4 in the decidual tissue of NP and SPE
We found that the decidual DDIT4 mRNA level of SPE (n = 16) was decreased compared to that of NP (n = 22), as assessed by real-time PCR, and the difference was statistically significant ( Figure 1A ). In addition, a significant decrease in the DDIT4 protein level could be found in the SPE group compared to that of the NP group ( Figure 1B and C). Paraffin sections of the decidual tissue from the two groups were subjected to immunohistochemistry to detect the expression of DDIT4 in the decidua ( Figure 1D ). DDIT4 expression was detected in the decidua from both groups. However, compared to the NP group, the expression of DDIT4 was reduced in the SPE group ( Figure 1D  a and c) .
Expression of DDIT4 in decidualized hESCs and primary hESCs
To analyze the expression of DDIT4 during the process of decidualization, we induced decidualization using cAMP and MPA. There was no difference in cell numbers and morphology between the treated and untreated cells on day 0 (Figure 2A a1 , b1, c1, d1). On the third day of culture, the control cells were fusiform (Figure 2A a2, c2), and the treated cells were enlarged and polygon-shaped (Figure 2A b2, d2) . Moreover, the number of the treated cells was decreased significantly compared to the untreated cells ( Figure 2B and C). On day 6, the cells of both groups were more confluent, and the difference in the morphology became more prominent. The cells treated with cAMP and MPA were larger and plumper (Figure 2A b3, d3), while the number was less ( Figure 2B and C). The changes of primary hESCs in number and morphology were similar to those of hESCs.
After decidualization induction for 6 days, the mRNA expression of the decidualization markers, including PRL and IGFBP1, in the hESCs was elevated obviously, indicating that the treated cells had undergone decidualization ( Figure 3A and B) . At the same time, compared with the control cells, the expression of DDIT4 mRNA was remarkably upregulated in the induced hESCs ( Figure 3C ). Furthermore, western blot results revealed that the level of DDIT4 protein was also increased after decidualization ( Figure 3D and E) . Moreover, the primary hESCs had results similar to those of hESCs ( Figure 3A-E) .
Decidualization decreased the mTOR pathway and induced apoptosis
Since decidualization affected the numbers of decidualized hESCs and primary hESCs, we investigated the mechanisms of cell proliferation and apoptosis. Previous studies have demonstrated that DDIT4 regulates cell apoptosis through the mTOR pathway. To confirm the effect of decidualization on apoptosis, we examined p-mTOR, p-p70s6k, and apoptosis-related protein markers. Western blot results also showed that in induced hESCs, the levels of p-mTOR and p-p70s6k were decreased clearly, while the expression of cleaved-caspase 3 was increased after decidualization, in a pattern similar to the increase of DDIT4 ( Figure 3D and E). Similar effects were also observed in primary hESCs ( Figure 3D and E) . Next, we verified the effect of decidualization on apoptosis using flow cytometry. As shown in Figure 3F , the apoptosis rate for control cells was 3.2 ± 0.27%, and this percentage increased to 11.9 ± 0.44% in induced hESCs. Similarly, in primary hESCs, the apoptosis rate was 3.3 ± 0.35%, while it was 8.3 ± 1.05% after decidualization. To demonstrate which cells were differentiated and no longer diDownloaded from https://academic.oup.com/biolreprod/article-abstract/98/6/821/4855937 by OUP site access user on 08 October 2018 viding after decidualization, we performed immunofluorescence for Ki67, and the results showed that very few cells were Ki67 positive (Supplemental Figure S1 ).
Silencing of DDIT4 affected decidualization and apoptosis
To evaluate the function of DDIT4 in decidualization and apoptosis, we knocked DDIT4 down and then examined the expression of decidualization markers and apoptosis. The morphology of the cells after DDIT4-siRNA transfection changed very little, unlike the control cells, which were transfected with nontargeting pool siRNA under the same decidualization conditions for 4 days ( Figure 4A ). Real-time PCR results indicated that the expressions of PRL and IGFBP1 were significantly downregulated when DDIT4 was silenced ( Figure 4B ). Silencing of DDIT4 resulted in a marked reduction of DDIT4 mRNA and protein ( Figure 4B and C) . Furthermore, silencing of DDIT4 activated p-mTOR and p-p70s6k, but the level of cleaved-caspase 3 was decreased. In addition, we investigated whether silencing of DDIT4 affected apoptosis during decidualization using flow cytometry. As shown in Figure 4E , the apoptosis rate was 5.4 ± 0.49% in hESCs transfected with NC-siRNA, while this percentage decreased to 2.6 ± 0.10% in DDIT4-siRNA transfected cells. We also performed immunofluorescence for Ki67 after DDIT4-siRNA transfection, and the results showed that more cells were Ki67 positive compared to the negative control (Supplemental Figure S2 ).
DDIT4 mediates apoptosis through mTOR pathway
Since the increase in the mTOR pathway decreased apoptosis after DDIT4 silencing in the hESCs and primary hESCs, and rapamycin is the inhibitor of mTOR, we then further verified the exact pathway through which DDIT4 mediated apoptosis using rapamycin. The western blot results showed that after the addition of rapamycin (10 nM), p-mTOR was down-regulated, followed by p-p70s6k, while cleaved-caspase 3 was upregulated, indicating DDIT4-mediated apoptosis through the mTOR pathway (Figure 5A All data are shown as the means ± SEM. * P < 0.05; * * P < 0.01; * * * P < 0.001. IGFBP1, insulin-like growth factor binding protein 1; PRL, prolactin; NC, negative control.
and B)
. We also investigated the apoptosis change after exposure to rapamycin (10 nM) in hESCs and primary hESCs, using flow cytometry. As shown in Figure 5C , the apoptosis rate was 19.1 ± 1.14% in hESCs transfected with NC-siRNA; this percentage decreased to 8.1 ± 0.21% in DDIT4-siRNA transfected cells, while the percentage increased to 17.1 ± 2.07% in DDIT4-siRNA transfected cells together with rapamycin (10 nM). Similarly, the apoptosis rate was 13.9 ± 0.28% in primary hESCs transfected with NCsiRNA; this percentage decreased to 8.5 ± 0.42% in DDIT4-siRNA transfected cells, and the percentage increased to 15.4 ± 0.87% in DDIT4-siRNA transfected cells together with rapamycin (10 nM).
Expression of cleaved-caspase 3 protein in decidual tissue
The expression of cleaved-caspase 3 protein was then detected in decidual tissue by immunohistochemistry. The results showed that cleaved-caspase 3 was present in the decidual tissue of both NP and SPE groups compared to the negative control ( Figure 6A-D) , and there was a significant decrease in the SPE group compared Downloaded from https://academic.oup.com/biolreprod/article-abstract/98/6/821/4855937 by OUP site access user on 08 October 2018 to the NP group ( Figure 6A and B) . In addition, western blotting further verified the decrease of cleaved-caspase 3 in the tissue of SPE compared to that of NP ( Figure 6E ).
Discussion
In this study, we explored the roles of DDIT4 in the decidualization of hESCs and primary hESCs and its relationship with PE.
Our data showed that DDIT4 was decreased evidently at both the RNA and protein levels in the decidua of women suffering from SPE compared to the control group. In the in vitro culture system, we found that DDIT4, PRL, and IGFBP1 were significantly increased, while p-mTOR and p-P70S6K were markedly decreased during decidualization; meanwhile, the expression of cleaved-caspase 3 was upregulated significantly. Silencing of DDIT4 caused a significantly decreased expression of PRL and IGFBP1, activated phosphorylaDownloaded from https://academic.oup.com/biolreprod/article-abstract/98/6/821/4855937 by OUP site access user on 08 October 2018 tion of the mTOR pathway, and protected decidual cells against apoptosis. In addition, the effect of silencing DDIT4 on apoptosis could be reversed by exposure to the mTOR inhibitor rapamycin. Furthermore, the expression of cleaved-caspase 3 in the decidua of SPE was downregulated compared to those of NP group. These findings demonstrated that DDIT4 played a vital role in decidualization and mediated apoptosis through the mTOR pathway and that its deficiency in the decidua was associated with PE. Preeclampsia is one of the hypertensive disorders of pregnancy [30] . Because of its high incidence and risk for maternal and perinatal death, cardiopulmonary dysplasia, preterm birth, and low birthweight, exploring the pathogenesis of PE is urgent and necessary [1] . The placenta is essential to the development and remission of PE, and thus, most of the previous studies have focused on the placenta, while studies on the decidua are rare [31] . In fact, the uterine decidual tissue is quite important during pregnancy by nourishing the fetus prior to the formation of the placenta, regulating the invasion of trophoblast cells and providing immunoprotection [32] [33] [34] [35] . The onset of decidualization following embryo implantation is essential to a successful pregnancy, the dysregulation of certain regulatory factors during decidualization may harm this process, and insufficient decidualization contributes to PE [11, 36] .
In our study, we discovered that DDIT4 was expressed in the decidual tissue of SPE and NP. Furthermore, its expression was lower in the decidual tissue of SPE relative to NP. Therefore, we speculated that a relationship among DDIT4, decidualization, and PE might exist. The change in the decidual morphology was obvious after cAMP and MPA treatment, accompanied with an apparently increased expression of PRL and IGFBP1; meanwhile, the expression of DDIT4 at both mRNA and protein levels increased significantly. This demonstrated the relationship between DDIT4 and decidualization. In addition, the RNA interference results further supported the importance of DDIT4 to human decidualization.
Apoptosis, a form of programmed cell death, has been described in placentas of normal human pregnancies [37] . Previous research demonstrated that placental apoptosis and altered expression of Fas and Fas ligand in trophoblasts might influence the occurrence of PE [38] . However, decidual apoptosis has not been paid much attention. Previous studies suggested that the apoptosis of decidual cells is vital in the maternal endometrium to allow the embryo to invade [39, 40] . Serge Pampfer et al. also proved that apoptosis is well recognized as a crucial determinant of successful peri-implantation development; the uterine stromal cells closest to the implantation chamber first transform into decidual cells and then commit suicide to make room for the rapidly growing embryo [41] . Furthermore, decidualization triggers the secretion of soluble factors that induce apoptosis in decidualized stromal cells [40] . In addition, some researchers proved that TGF 2 might control apoptosis in endometrial stromal cells in vitro via an autocrine/paracrine mechanism [42] . If apoptosis were deficient, the implantation process that is essential to pregnancy would be impaired. It is known that this dysfunction of the implantation process would contribute to PE [11] . Therefore, we speculated that reduced apoptosis of decidual cells was associated with the formation of PE.
DDIT4 inhibits cell growth mediated by mTOR by activating the TSC1/TSCC2 complex [43] . Several studies have demonstrated that DDIT4 promotes the apoptosis of tumor cells, such as esophageal cancer EC9706 cells, human osteosarcoma cell lines, human myeloid leukemia cells, and human prostate cancer cells [44] [45] [46] [47] . In our study, we found that the cell numbers of decidualized hESCs and primary hESCs were much less than that of the control groups, accompanied with a significantly increased expression of DDIT4. This strongly hinted that DDIT4 might promote decidual cell apoptosis during decidualization. In addition, the RNA interference results further demonstrated the relationships among DDIT4, apoptosis, and decidualization. After siRNA transfection, more cells were Ki67 positive compared to the controls, suggesting that more hESCs were dividing and not differentiated. Furthermore, we found that the expression of cleaved-caspase 3 was markedly downregulated in the decidual tissues of SPE compared to those of NP in parallel to the decrease in DDIT4. This further suggested the close relationship between DDIT4 and apoptosis in the decidual tissue.
Then, how does DDIT4 regulate apoptosis in the decidua during decidualization? Previous studies have demonstrated that DDIT4 mediates apoptosis through the mTOR signaling pathway in cardiomyocytes and thymocytes [24, 48] . Mammalian TOR has been recognized as a "master regulator" of cell function, as it plays a vital role in directing cell proliferation, growth, and apoptosis [49] . In our study, we found that after silencing of DDIT4, the phosphorylation of mTOR and 70s6k was upregulated, while cleavedcaspase 3 during decidualization was downregulated; furthermore, the percentage of apoptotic cells was decreased. These results were consistent with a previous study [50] . Further treatment using an mTOR-specific inhibitor together with DDIT4 further reduced the phosphorylation of mTOR and 70s6k, accompanied by an increase in apoptosis-related markers. These results likely proved that DDIT4 regulated apoptosis via the mTOR pathway during decidualization. However, since the pathogenesis of PE is complicated, it is associated with defective decidualization, impaired implantation and placentation, abnormal trophoblast invasion, endothelial dysfunction, immune maladaptation, genetic imprinting, etc. DDIT4 is one of the contributing factors; it is involved in the pathogenesis of PE via impairing decidualization and reducing the apoptosis of decidual cells.
In conclusion, the findings of the present study demonstrated that DDIT4 is involved in the decidualization of the human endometrium and that reduced expression of DDIT4 in decidual tissue is likely associated with PE. In addition, DDIT4 can mediate apoptosis through mTOR during decidualization to regulate the invasion of trophoblastic cells. Our study has provided new insight into the pathogenesis of PE and may lead to new paradigms to address PE. However, the relationship between DDIT4-mediated apoptosis in decidual cells and the role of DDIT4 in the invasion of trophoblastic cells into decidual cells still needs to be studied further.
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Supplementary data are available at BIOLRE online. Figure S1 . The proliferation of decidualization. Immunofluorescence staining of Ki67 (green). Nuclei were counterstained with 4,6 -diamino-2-phenylindole (blue). Ctrl, control hESCs; cAMP + MPA, treated hESCs; hESCs, human endometrial stromal cells. Scale bars = 50 μm. Supplemental Figure S2 . The relationship between proliferation and DDIT4. Immunofluorescence staining of Ki67 (green). Nuclei were counterstained with 4,6 -diamino-2-phenylindole (blue). NC, negative control. Scale bars = 50 μm.
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